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While nanometer-scale capillaries have long been theoretically and experimentally 
studied, their transport mechanisms have not yet been fully understood. For the first time, we 
theoretically clarify the flow control mechanism by Molecular Dynamics (MD) simulations of 
graphene-based nanoscale capillaries. We find the imbibition rate to comply with a modified 
Lukas-Washburn equation. It changes non-monotonically with the slit width due to a 
compromise in competition of density and slip length. Secondly, we find the relative scale of 
imbibition and evaporation rate is length-dependent. From short slits to long ones, the 
imbibition-evaporation process alters from evaporation controlled to imbibition controlled. 
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Finally, we employ hydrophilic modification to enhance the rates. External modification can 
spread the water and accelerate the evaporation. Within the slit, the flow is accelerated by a 
positive hydrophilic gradient but detained by a negative one. These findings can be applied in 
a novel nano-fluidic diode. 
 
1. Introduction 
Well-ordered nanoporous membranes hold the promise of achieving precise selectivity and 
high flux,[1] which can directly benefit the fields of chemical separations, drug delivery and 
wastewater remediation. Modern fabricating technologies have taken advantage of some 
materials such as carbon nanotubes[2] and graphene[3] to realize well-ordered and precisely 
controlled membranes. Radha et al.[4] employed graphene and its multilayers as archetypal 
materials to fabricate smooth nanoslits with selected widths through Van der Waals assembly. 
In addition, it can invariably transport water by the consistent progress of spontaneous 
imbibition and evaporation. For the potential in energy-saving and efficient liquid transport 
devices, curiosity has risen over the self-propelled fluid and the membranes that realize it.   
Capillary imbibition is ubiquitous in nature as the sap rise in trees [5] and in artificial 
domains like the lab-on-a-chip.[6] It denotes to the spontaneous fluid flow pumped by the 
capillary force, i.e., the pressure drop across the liquid/vapor interface. The studies on 
pressure-driven nanoflows are fairly comprehensive, where only the resistance is channel-
dependent and we can decide which kind of channel to be more favorable. However, in 
capillary flows, both the driving force and resistance depend on the channel, including the 
channel size and surface properties.[7] The Lukas-Washburn (L-W) equation [8] was 
established on the classic hydrodynamics, which is widely used to describe the imbibition 
process. With the advances from microsystems to nanosystems, some modifications are made 
to the L-W equation on account of the nano-confinement. For example, Henrich et al. [9] 
proposed an extended L-W equation with lubrication treatment, which involves the slip length 
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of nanoflows. The dynamic contact angle is also argued to be essential in some theories.[10] 
Despite those improvements, the imbibition of water is generally subject to a half-power law, 
i.e., x~t1/2, where x is the penetration height of water and t denotes the time. 
The evaporation is always neglected in macroscale applications because it is much slower 
than dynamic flow. In nano-devices, however, evaporation always receives more attention. In 
such devices, the thickness of fluid layers can sometimes reach nanoscale, which leads to a 
drastical increase in surface/volume ratio. And the evaporation will be more noticeable in 
comparison to the flow process. In addition, common enhancement like heating will be more 
efficient in nanoscale evaporation.[11] All of these make the evaporation a more significant 
process in nano-scale than macro-scale. Other than the conventional factors like temperature, 
liquid surface area, air velocity and humidity etc., the interaction between liquid and solid also 
makes a difference in nano-devices. Stronger hydrophilicity may at some extent make the 
escape of liquid molecules difficult, but the spreading effect that comes with it is very 
advantageous to the evaporation.[12]  
On the other hand, nanofluidics endows the solid surfaces with great powers to drive and 
control the fluid flow inside. Different from the macroscale devices, a slight change on the 
solid/fluid interaction can either promote or impede the fluidic process, and even can do both 
at the same time. The concept of the fluidic diode firstly referred to the ionic flow diodes, 
whose mechanism is quite similar to electronic diodes.[13]  But recently, researchers found it 
possible to control the simple fluids like water merely through surface modifications that 
based on hydrophilicity regulations or asymmetric structures.[14] With anisotropic 
modifications and interactions, flow will provide anisotropic properties. In capillary flows, as 
the surface interactions act as the driving force as well as the resistance, the mechanism of a 
diode may be more complex. 
In this work, we employ Molecular Dynamics (MD) simulation to study capillary 
imbibition and subsequent evaporation. Figure 1 shows the schemes of our simulation 
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systems. Our work provides theoretical proof of self-propelled fluids. In addition, surface 
modification is introduced, which can either boost the water transport, or block the water in 
specific direction. A capillary-based system to drive and control water can start from this work. 
 
2. Results 
2.1. Water imbibition and the optimal slit size 
The imbibition process of water in our simulation is recorded as the increase of x with t, 
and is displayed in Figure 2(a). Where N is the number of removed graphene layers. A 
deceleration tendency with time can be found from the imbibition process in each slit. In 
addition, the imbibition overall slows down as the slit gets wider.  
In a slit-like capillary specifically, if the surface slippage [15] is taken into account, the L-W 
equation can be written as 
( 6 ) cos
3
d
x t
  

 
  
 
                                                      (1) 
where x is the penetration height within the capillary and d is the width of the slit as shown in 
Figure 1(a). λ refers to the apparent slip length characterized by the Navier slip condition,[16] t 
denotes time, γ and θ indicate the surface tension and the contact angle respectively, and η is 
the viscosity.  
Our simulation process of water imbibition in Figure 2(a) can be fitted by Equation 1, and 
one can attribute the deceleration in wider slits to the receding apparent slip length. We 
estimate the apparent slip length with surface tension and contact angle to be 65 mNm-1 and 
60º respectively according to previous studies,[17] and with viscosity of 1×10-10 Pas (bulk 
water viscosity) for all slits, ignoring the viscosity change of nano-confined water.[18] The 
apparent slip length shown in Figure 2(b) is within the range of 0~5 nm, conforming to the 
empirical prediction with contact angle.[19] And its reducing tendency with an enlarging slit 
also aligns with previous reports.[20] 
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For the sake of simplicity, we define A as 
6
( 6 ) cos
A
d

  


                                                          (2) 
It has a measure unit of sm-2. In the imbibition and evaporation series, when evaporation 
takes place, water impregnates to fill the slit again. To measure the replenishing rate, we 
define a terminal velocity vT as the imbibition rate at the full length of the slit L. According to 
the L-W theory we employ, it can be given as 
T
1
v
AL
                                                                          (3) 
The terminal velocity is inversely proportional to the slit length. So in thinner membranes 
with shorter slits, when evaporation takes place, the slit can be quickly replenished by 
imbibing new water molecules. However, in thicker membranes, such replenishment can be 
slow. With the terminal velocity, we can calculate the terminal flux Q of the unit membrane 
cross-sectional area: 
1 2T
T     (g s nm )
/
v S
Q v
S



                                            (4) 
where S is the cross-sectional area of the slit, and ε is the porosity. As vT is inversely 
proportional to L, we can multiply the terminal flux with L for normalization. The normalized 
Q* is displayed in Figure 2(b). Q* shows a non-monotonic change with N, which shows the 
compromise in competition of the apparent slip length and the density. When we reduce N and 
therefore reduce d of the slits, the apparent slip length increases, as mentioned above, and the 
density decreases from the bulk level, which was also proved by previous works.[21] The 
normalized flux is jointly determined by these two elements and has an optimal value when d 
is around 2 nm, which is in quantitative agreement with Ref.(4).  
 
2.2. Evaporation and the control step 
When normalized to a unified slit area, the evaporation rates for slits with different N tend 
to be close to each other as shown in Figure 3. As the evaporation rate is independent of the 
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slit length, its Q~L relation can be denoted by a horizontal line in Figure 3. The imbibition 
terminal rate, however, is reversely proportional to L as indicated above by Equation 3. So 
one can see from Figure 3 that as L enlarges from a nanometer to millimeter scale, Q for 
imbibition reduces for almost one million times. The evaporation, often considered as a slow 
process, can therefore outpace the imbibition when the slit is long enough, namely 100 μm in 
our simulation. As a consequence, in a self-propelled membrane with capillary imbibition and 
evaporation processes, neither of steps can be arbitrarily designated as a control step. As the 
slit length increases, the control step alters from evaporation to imbibition. In application, we 
hope the slits to be as short as possible, because the limiting rate will be relatively high, and 
the evaporation rate can be easily enhanced by exterior actions such as ventilation and 
absorption. 
 
2.3. Surface modification and process enhancement  
In light of the two situations shown in Figure 3, we propose targeting approaches to 
enhance the rate. For evaporation control, efforts have been made to make the water spreading 
on the external end face to increase its contact area with air. Specifically, we increase the 
hydrophilicity by grafting hydroxyl (-OH group) to the carbon sites. The hydroxyl sites 
induce the water molecules to spread on the external walls spontaneously as shown in Figure 
1(b). As a result of the spreading, the surface area enlarges several times depending on the 
porosity of the membrane. In our single-slit systems with a porosity of 0.33, the evaporation 
rate increases from the level of 10-16 gs-1nm-2 to 10-15 gs-1nm-2 as displayed in Figure 3.  
We adopt the same modification to enhance the rate of the imbibition-controlled process, 
but in this case the modified sites are within the slits. In nanochannels with a high surface 
ratio, hydrophilicity enhancement can cause significant effects in the flux,[22] especially when 
the flow is driven by surface tension. The modification has been applied to the internal 
surfaces in three patterns: thoroughly modified (100% modified), upstream-50% (U-50%) 
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modified and downstream-50% (D-50%) modified as shown in Figure 1(c). From the MD 
simulation, as shown in Figure 4(a), we find that the imbibition is accelerated through 
modification in both the 100% and downstream-50% modified slits. For the D-50% case, one 
can find an evident acceleration in the second section. And for the 100% modified slit, the 
acceleration can be found from the very beginning of the imbibition process. However, the 
top-50% modified slit holds no enhancement but detains the water at the junction. We find the 
water inside cannot cross the junction from the more hydrophilic surface to the less 
hydrophilic surface and it results in an impassable slit for water in this direction. Such a 
detaining effect is still valid when N increases to 15, the widest in this work. The snapshots in 
Figure 4(b) show the oscillation in water level at the hydrophilicity gradient. The huge 
resistance comes from the strong interaction between water and the more hydrophilic surface. 
By the two means we employed, the rates for both evaporation control and imbibition control 
can be accelerated. As shown in Figure 5, in a slit with L=1 μm, the controlling rate of 
evaporation can be enhanced from 9×10-16 gs-1nm-2 to 4×10-15 gs-1nm-2. And in a slit with 
L=100 μm, the controlling rate of imbibition enlarges from 4×10-16 gs-1nm-2 to 8×10-16 gs-
1nm-2 in a downstream-50% modified slit and to 1×10-14 gs-1nm-2 in a 100% modified slit. 
The imbibition process when the slit is in sectional surface properties can be interpreted 
theoretically as the L-W equation can be expanded. Like Equation 1, the equation for a 
sectional slit can be drawn: 
 
1
1
2
1 1 1 1 2
1 1 2
2
2
       
2
       
x t x L
A
A L A L A t
x L L x L
A

 


  
   

                    (5) 
where L1 and L2 represent the lengths of two slit sections. A1 and A2 are the resistance 
parameters of the two sections according to Equation 2. The water rise in the end-50% 
modified slit with N=5 can be fitted with Equation 5 precisely as shown in Figure 4(a). For 
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the detaining effect we found in the U-50% modified case, here we need to make an 
additional condition for Equation 5 that 
1 2 0A A                                                             (6) 
When the terminal velocity is concerned, it can be given as 
T
1 1 2 2
1
v
A L A L


                                                       (7) 
And it can be further expanded to more sections as 
T
1 1 2 2
1
n n
v
A L A L A L

  
                                            (8) 
Similarly, A1>A2>...>An is required. The detailed derivations for all the equations in this 
section are presented in the supplementary materials. 
Once a nanoslit has a gradient in hydrophilicity within it, and when there is no driving 
force other than the capillary force, it is traversable in the direction where the hydrophilicity 
gradually increases but not the other way around. 
 
3. Discussion 
As discussed above, a fluidic diode can be made out of the slit with differences in 
hydrophilicity inside. The flow is accelerated by a positive hydrophilic gradient but detained 
by a negative one. Similar diodes have been realized in some experiments.[23] Nanofluidic 
diode with a half hydrophilic and half hydrophobic channel has already been proved valid, 
which can be easily interpreted by the capillary theory and surface energy. In a word, fluid 
will not occupy a hydrophobic surface spontaneously. But in this work, we relax the 
requirement, in which even when the whole slit is hydrophilic, a hydrophilicity gradient can 
still implement the diode. Hence, a further explanation is in demand. 
The contact angle variation driven by edge effect has been previously studied. When water 
invaded on hydrophilic surface and came across with geometrical edge or wettability 
separation boundary, the pinning of the invading line would increase the contact angle to 
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minimize the interfacial free energy until it reached a critical angle, [24] which is much larger 
than the intrinsic contact angle. When the edge effect occurs in a capillary problem, the 
increase in contact angle will lead to the diminution of driving force. And when the contact 
angle exceeds 90 degrees, the surface tension will be downward and no force can 
continuously drive the flow upwards. Therefore, the edge effect can be one reason for the 
water detaining from a more hydrophilic to a less hydrophilic section. To verify the theory, we 
calculate the free energy change. A bottom made of graphene is added to the original system, 
and by pushing which, one can propel the liquid even if the hydrophilicity difference prohibits 
it. Starting from the equilibrated state reached by the spontaneous flow as Figure 4(b) 
exhibits, we push the liquid within the slit rising for about 2 nm a time and then run enough 
time for equilibrium with the bottom graphene being fixed. In this way, we can increase the 
liquid level inside the slit without changing any other interaction of the system. Such process 
is repeated till the slit is filled with water. Above all, the liquid level stops at where it is every 
time the pushing force is repealed. No sustaining advance can be observed even if the 
hydrophilicity transition has already been passed. Besides, the total energy generated by 
pairwise interaction and its components, namely the energy from Van der Waals (VdW) 
interaction, and the coulomb force are recorded at each position as shown in Figure 6(a). All 
of them show a stepwise rise with the liquid level increasing above the transition. From the 
energy aspect, we prove that water cannot spontaneously flow from a more hydrophilic side to 
a less hydrophilic side by capillary force.  
We consider the capillary flow as a flow driven by the surface tension caused by a curved 
surface formed within hydrophilic capillaries. The driving force will not vanish but only 
decrease when the water starts to contact the less hydrophilic half. There must be some 
resistant that stops the flow from advancing. Hence, it can be the anisotropic flow resistances 
in different directions that take effect. To test it, we make two slits with pure graphene and 
modified graphene separately, and both of them are filled with water. Minute force is applied 
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to the water inside those slits, and when the force rises from zero, the water is at first resting 
but then forms a constant velocity after a critical force and keeps increasing with the force. 
The force-velocity curves are displayed in Figure 6(b), which shows evident differences in 
the slit with/without modification. It means in the more hydrophilic slits, we need more drive 
to put the water in motion. As we know in the capillary cases, the drive is the surface tension 
which is stronger in more hydrophilic slits. Therefore, when water flows from the less 
hydrophilic half to the more hydrophilic half, it is the higher drive with a lower resistance. 
However, when water flows from the other way, it is the lower drive with a higher resistance, 
and then the flow is detained. 
 
4. Method 
Figure 1 shows the schemes of our simulation systems. In our simulation, a slit-like 
capillary is constructed by removing interlayers from the multilayered graphene[25] as shown 
in Figure 1(a). We denote the width of the slit by the number N of graphene layers that are 
removed. The explicit width d can then be estimated as Na, where a≈3.4 Å is the effective 
thickness of one graphene layer. For its feasibilities in both fluidic and evaporating systems,[26] 
the SPC/E model is used for water in this work. In the model, we have εOO=0.1553 kcal·mol-1 
and σOO=3.166 Å. The charge of oxygen and hydrogen are -0.820 and 0.410 electron charge 
respectively. The Ewald solver is used to calculate long-range interactions for charges. The 
carbon atoms are fixed neutral particles whose interaction with oxygen is modelled by the 
Lennard-Jones (L-J) potential with the parameters of εCO=0.0927 kcal·mol-1 and σCO=3.283 Å 
[4]. The cut-off diameter for the L-J interaction is 10 Å. 
The system is constructed by multilayer graphene and a water reservoir in contact with it as 
shown in Figure 1(a). The figure has been cut to fit in and only the most important part is 
shown. The actual simulation box is 200×W×2 nm, where W depends on the slit width to 
ensure a unified porosity of 0.33 for each case. For example, when N=5, 5 layers of graphene 
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are removed, and then another 5 layers are used as the walls on each side of the slit. Then 
W=15a=5.1 nm. The x-direction is the axial direction of the slit. The length of the slit is 24 
nm, and the reservoir has a deep of 150 nm, which ensures the reservoir to be about 20 times 
as large as the slit. Therefore, the pressure change is negligible during the imbibition. The 
simulation box is periodic in all directions. But a graphene layer is set to prevent the 
molecules in reservoir flowing backwards. The system runs in NVT ensemble with a timestep 
of 1.0 fs, and the computation lasts for 2 ns for imbibition and 20 ns for evaporation. 
When the slit is filled with water after the capillary imbibition, we continue the simulation 
to calculate the evaporation rate. Referring to Wang et al.,[12] when separate water molecules 
depart from the bulk water to a certain distance, 5 nm in this case, they are involved in an 
accelerating region and are collected at the top of the system as shown in Figure 1(b). The 
evaporation rate has been estimated via the accumulating rate of this collection. 
Surface modification is applied respectively to the external surface (Figure 1(b)) and inner 
surface (Figure 1(c)) to accelerate the evaporation and imbibition. The modification is 
accomplished by grafting hydroxyl (-OH group) on the carbon of particular surface. 33.3% of 
the surface carbon sites are grafted with -OH. The -OH group is hydrophilic as the contact 
angle with water before and after modification can be found in Figure 1(d). 
All simulations are carried out in the Large-scale Atomic Molecular Massively Parallel 
Simulator (LAMMPS) software package. 
 
5. Conclusions 
In conclusion, MD simulation is employed to investigate capillary imbibition and 
evaporation. The imbibition rate is found to be influenced by a compromise in competition 
mechanism of density and slip length, reaching its maximum when slits are around 2 nm in 
width. When enlarging the slit length, the control step of the integrated imbibition-evaporation 
self-propelled system alters from evaporation to imbibition. The rate of each control step is 
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successfully accelerated by the surface modification of the hydrophilic groups. And a new sort 
of fluidic diode can be realized from a hydrophilic gradient inside the slit. It is worth noting 
that the hydrophilic modification has different effects for capillary flow and pressure-driven 
flow. In capillary flows, the hydrophilic modification prompts the flow by enhancing the 
surface tension. However, in pressure-driven flows, it hinders the flow for a stronger 
solid/liquid interaction, which we have clarified in our previous works.[27]  
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Figure 1. Partially enlarged details of schematic diagram: (a) for the whole system with 
reservoirs, the penetration length x measures the distance from the bottom of the slit to 
the water surface which is detected with an average local number density of 1/2 bulk 
density, and d is the width of slit; (b) for a local zoom at the slit exit, the scheme on the 
left denotes a regular system and the right one denotes a slit with external modification, 
which drive water to form a drop outside after filling the slit; (c) for the three different 
surface modifications, namely the thoroughly modified (100% modified), upstream-50% 
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(U-50%) modified and downstream-50% (D-50%) modified; (d) for the contact angle on 
the graphene surface, θ≈60° for original surface and θ≈15° for modified surface. In these 
schematic graphs, we denote carbon in gray, oxygen in red and hydrogen in white. 
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Figure 2. Capillary imbibition in slit-like nanochannels: (a) capillary rise with time 
during the imbibition process and its fitting of Eq.(1); (b) variation of normalized flux 
(bars), apparent slip length (squares), and density (triangles) with slit width represented 
by the number of graphene layers, N. 
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Figure 3. Imbibition and evaporation rates with various capillary lengths. 
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(a) 
 
 
(b) 
Figure 4. Consequences of internal modification on slits: (a) flow rise in a half-length 
modified slit; (b) snapshot of water detention in a U-50% modified slit where blue points 
are the grafted –OH group. 
  
19 
 
 
 
Figure 5. Integral flux of the imbibition-evaporation process, there are full and no 
external modification for the evaporation control, and there are full, half (D-50%) and 
no internal modification for the imbibition control. 
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(a) 
 
 
(b) 
 
Figure 6. Analysis for the mechanism of fluidic diode: (a) System energy with liquid level 
higher than the transition, ΔZ is the distance between the water surface inside slits and 
the hydrophilicity transition place. Epair is the total energy generated from pairwise 
interactions; VdW and coul are respectively the energy generated from Van de Waals 
and coulomb forces. Where Epair=VdW+coul; (b) Driving force and velocity response in 
modified and unmodified slits. 
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While it is widely accepted that nano-scale capillaries hold great potential in numerous 
applications, previous attempts to explain its discrepancies with micro-scale capillaries have 
failed. For the first time, we theoretically clarify the flow control mechanism of graphene-
based nanoscale capillaries. Molecular simulations reveal that the imbibition rate of water in 
nanoslit is influenced by compromise-in-competition of confined density and slippage. We 
present a novel nanofluidic diode, where the flow can be precisely regulated by surface 
structure modification. This concept appears to be practically relevant in a number of 
nanofluidic systems.  
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Theoretical Derivation  
The classic Lukas-Washburn equation was built on a Poiseulle flow. When the driving 
force is the capillary force only, i.e., pressure equals capillary force, and the channel is slit-
like, the Hagen-Poiseulle relation is given as 
2
2 12 d
cos
d
x
x
d d t
                                                         (1) 
where x is the penetration height within the capillary, t denotes time, d is the width of the slit, 
γ and θ indicate the surface tension and the contact angle respectively, and η is the viscosity. 
By integration, the time-dependent penetration height can be given as [1] 
cos
3
d
x t
 

                                                         (2) 
When a slippage takes place in the flow, a slip length can be defined with the Navier 
boundary condition: 
z 0
z
x
slip s
v
v  



                                                          (3) 
Then Eq.(1) should be modified into 
2
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When we define a parameter A as 
6
( 6 ) cos
A
d
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  

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and calculate the velocity dx/dt when x equals to L from Eq.(4), then we get the terminal 
velocity which is the imbibition velocity when the capillary is full with water: 
T
1
v
AL
                                                                    (7) 
In slits with sectional surface hydrophilicity, the governing equation with force balance like 
Eqs.(1) and (4) should be written as piecewise functions: 
12
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And then the relationship between x and t can be given as 
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The condition of 1 2 0A A   is required, otherwise the water will be detained at the spots of 
hydrophilicity difference. And from Eq.(9), we can get the terminal velocity for a sectional 
slit as 
T
1 1 2 2
1
v
A L A L


                                                             (10) 
and the condition of 1 2 0A A   is similarly required. 
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